ABSTRACT: The sea surface microlayer (SSM) has been well studied with regard to its chemical and biological composition, as well as its productivity. The origin and dynamics of these natural communities have been less well studied, despite extenslve work on the relevant phys~cal parameters, wind, turbulence and surface tension. To examine the effect these processes have on neuston transport, measurements of wind-dr~ven surface drift, surfactant spreading and bacter~al transport in the SSM were made in the laboratory and in the field. Spreading rates due to surface tension were u p to approximately 17 km d-' (19.7 cm S-') and were not significantly affected by waves. Wind-induced surface drift was measured in the laboratory. Wind speeds of 2 to 5 m S-' produced drift speeds of 8 to 14 cm S-', respectively We demonstrate that bactena spread with advancing sl~cks, but are not distributed evenly. Localised concentrat~ons were found at the source and at the leadlng edge of spreading slicks The Reynolds ridge, a slight rise in surface level at the leading edge of a spreading slick, may provide a mechanism by which bacteria are concentrated and transported at the leading edge. Bacteria already present at the surface were not pushed back by the leading edge, but incorporated and spread evenly across the sllck The s p r e a d~n g process d~d not result in the displacement of extant bacterioneuston communities The results ind~cate surface tension and wind-lnduced surface drift may alter distributions and introduce new populat~ons into neustonlc communltles, including communities d~s t a n t from the point source of release.
INTRODUCTION
Surface microlayers exist naturally in both marine and freshwater environments and are a common and widespread phenomenon. They can often be seen on coastal waters and lakes as slicks or calm streaks on a rippled surface, when the wind is light. Compression of film material through wind action and internal waves (Ewing 1950) results in an enrichment in organic material at the air-water interface. The surface active properties of these slick-forming compounds lower the surface tension at the interface, causing a damping effect on capillary waves (Romano & Marquet 1991) , and give the surface a smooth, glassy appearance. However, natural surface films can be found on all waters whether a visible slick is present or not (Duce et al. 1972) .
Studies examining the sea surface microlayer (SSM) have focused primarily on the chemical and biological composition (Carlson 1982 , Hardy et al. 1985 , Maki 1993 , while microlayer transport and its influence on the spatial and temporal dynamics of neuston communities has received little attention.
In surface layer spreading, transport is a 2-dimensional process controlled by 2 separate processes, surfactant composition and wind speeds. Surfactants possess a characteristic chemical structure consisting of a hydrophobic and a hydrophilic part. Spreading is caused by lowering surface tension and modification of interfacial interactions (Myers 1992) . When a surfactant is added to the surface of water, spreading is initially rapid and decreases in velocity as the surface tension decreases. This continues until the supply of surfactant from the source is depleted and a monomolecular slick is formed (Aveyard et al. 1993) .
Previous laboratory studies have examined spreading in terms of relative changes in surface tension, using surface tensiometers (Adamson 1990 , Myers 1992 . However, this does not provide a direct mea-surement of the spreading rate, although it can be used to predict whether spreading will occur. Furthermore, surface tension at the air-water interface decreases during the spreading process, making it difficult to predict spreading rates, hence they are routinely determined by direct observation of spreading events (Aveyard et al. 1993) .
The spreading process is confined to the region immediately adjacent to the penmeter of the spreading substance (Adamson 1990) . Consequently, if talcum powder or some other inert powder is sprinkled on the water surface and a drop of surfactant is added, the spreading liquid sweeps the talcum powder back as an accumulating ridge at the periphery of the film, but the talcum powder further away is undisturbed.
Whilst data and models exist for the dispersion of particulate matter (including pollutants) and dispersion of oil from spills (Al-Rabeh et al. 1992 , Al-Rabeh & Gunay '1992 , these rates are determined exclusively by meteorological conditions, as particulate matter and oil slicks do not actively spread along surface tension gradients (Adamson 1990 ) with little emphasis placed on the importance of the net horizontal transport induced by wind acting on the surface. Such studies have focused primarily on the physical processes occurring, with little emphasis on the importance of these processes to neuston distributions. As the microlayer contains high concentrations of bacterioneuston compared to underlying bulk waters (Kjelleberg et al. 1979 , Plusquellec et al. 1991 , horizontal transport in SSMs may be of particular importance as a mechanism permitting bacteria to cross water mass boundaries (Hardy et al. 1985) . If SSM transport acts independent of bulk water circulation, it may be difficult to accurately predict the fate of bacterioneuston from bulk circulation patterns. Rates of surfactant spreading in the field (for biologically relevant compounds), and the extent to which the chemistry and biology of surface waters may be altered, are unknown.
This study examines the influence of wind-induced surface drift and active surfactant spreading on SSM transport and horizontal distributions of bacterioneuston. This is of interest because wind-driven transport of the microlayer, coupled with active spreading of surfactants along surface tension gradients, may provide a unique and rapid mechanism of dispersal across hundreds to thousands of kilometres across the open ocean (Hale & Mitchell 1995) . Surfactants introduced to the marine environment from terrestrial sources may be capable of dispersing bacteria large distances along surface tension gradients, leading to alteration of neustonic and planktonic communities distant from the source.
To examine the relative contributions of windinduced surface drift and surface tension gradients to horizontal transport, we developed small scale techniques for measuring spreading rates and surface drift. After establishing that our method for spreading measurement compared favourably with previous studies, we examined the potential of the system to study bacterial transport
MATERIALS AND METHODS
Surfactant spreading rates. Spreading rates were measured tor vegetable oil, motor oil, selective culture media, bile (30 g 1-l) (OXOID, Basingstoke, England), and froth from treated sewage. Previous studies have examined the spreading rates of alkanes and alcohols
19761, however, these surfactants are unsuitable for culturing bacteria. For this reason, compounds were chosen based on their ability to support bacterial growth or the likelihood of being found as components of terrestrial runoff. Bile contains bile salts that have strongly hydrophobic and hydrophilic parts characteristic of surfactants (Schmidt-Nielson 1990) . Bile salts play an important role in the emulsification of dietary fats and are excreted in faeces, making them a major component of sewage effluent (Haslewood 1967) .
Experiments were conducted in the laboratory at 18.5% A 70 X 250 cm tank was thoroughly cleaned and rinsed 3 times with tap water and twice with distilled water to remove any residual surfactants. A video camera was placed directly over the tank, to record spreading events. The tank was filled with filtered seawater to a depth of 10 cm and talcum powder was sprinkled lightly across the surface of the water to aid in discerning the slick (Davies & Rideal. 1963 , Lange & Hiihnerfuss 1978 The water was left for 5 min to allow turbulence to dissipate, until no remnant surface currents were observed in the talc.
Volumes of slick material between 250 p1 and 10 m1 were added directly to the surface of the water at one end of the tank. Four replicate slicks were made for each volume and the tank was drained and washed between replicates. Each spreading event was recorded using the video camera and experiments were analysed using frame-by-frame video analysis .
To determine if spreading rates measured in the laboratory could be applied to open water, spreading experiments were also conducted in the field, in shallow waters beyond the surf zone. The water in the vicinity of the slick source was sprinkled lightly with talcum powder and 10 m1 of bile was added to the surface. Bile was chosen for use in the field experiments for 3 reasons: firstly, because it exhibited the fastest spreading rate of the substances trialed, thus making it sensitive to edge effects; secondly, because bile slick spreading showed little variation; and thirdly, because bile is associated with faecal matter and is a component of sewage effluent (Haslewood 1967) . The leading edge of the slick was timed across 5 m, at 1 m intervals.
Simultaneously, a hand-held anemometer (Deuta Anemowerke, Bergisch, Germany) was used to measure wind speed at l m above the water surface. Water temperature was recorded and wave height was estimated by direct observation. Trials were run on 2 separate days and 4 replicate slicks were run on each day.
Surface drift. To determine rates of surface drift at different wind speeds, experiments were conducted in the laboratory in the tank described previously. A 3 speed fan was set u p at one end of the tank. Wind speed was measured along the length of the tank to ensure that it remained constant. The video camera was mounted directly over the tank, as in the previous experiments.
In a closed tank or channel where steady state conditions exist, the net mass flux across any vertical transverse cross section of the tank must be zero. Therefore, if there is wind-driven transport of the surface microlayer in one direction, there is a subsequent build up of a subsurface return current. The return current has been shown to build u p in approximately Llu seconds, where L is the length of the tank and U is the drift velocity (Lange & Huhnerfuss 1978) . The subsurface return current builds up once the surface current has reached the opposite end of the tank. To avoid taking measurements when any subsurface currents were established, trials were run in order to estimate the time taken for the subsurface return current to develop for each wind speed. All further measurements of surface drift were taken within this time.
Talcum powder was sprinkled lightly across the surface and the wind-driven transport of the talc across the surface was videotaped. Trials were run at wind speeds of 2, 3 and 5 m S-'. Talcum powder was used in preference to floats because measurement of windinduced drift depends significantly on the depth of float submergence (Wnght & Keller 1971) and talcum powder does not extend beyond the microlayer (Lange & Hiihnerfuss 1978) . Videotaped experiments were analysed as described previously.
To determine the effect of surface drift on surfactant spreading, the surface dl-ift experiments described above were repeated, with the addition of 1 m1 bile to the side of the tank.
Bacterial distributions. Bacterial distributions were determined for inoculated bile slicks. Sterile bile (30 g I-') samples were inoculated with Vibrio natriegens and incubated for 2.5 h in a shaking water bath a t 28°C. Samples were removed and left to equilibrate to room temperature (18.5"C), prior to experiments. Experiments were run in a pre-sterilised glass, 20 X 40 cm tank, filled with 2 1 of filtered, autoclaved sea water (121°C for 15 min) and talcum powder was lightly sprinkled across the surface. Control samples for bacterial growth were taken for the inoculations and controls for contamination were taken for the water and talcum powder, by spreading 50 p1 of sample onto Vibrio Artificial Seawater (VAS) plates.
Samples were spread by adding 1 m1 of inoculated bile to the surface a t the side of the tanks. Immediately following spreading, replicate 50 p1 samples were taken from the surface, at 6 positions along the tank: at the point source of slick release, in front of the leading edge, at the leading edge, and 5, 10, and 20 cm back from the leading edge. The samples were spread on VAS plates and sealed with Parafilm.
Bile inoculated with Vibrio natrjegens was also spread over seawater inoculated with a red colony forming bacteria. Sterile copier paper disks were used to sample at the leading edge of the slick with millimeter resolution. All samples were incubated at 28°C for 24 h and the number of colony forming units (CFU) were counted. To ensure that individual distinct colonies formed, the inoculation concentration for the millimeter resolution experiments was 4 times lower than for the centimeter measurements. For each experiment, replicate slicks were made simultaneously, each in a separate tank.
RESULTS

Surfactant spreading rates
Vegetable and motor oils did not actlvely spread, but remained as compact lenses. Bile and froth from sewage exhibited spontaneous spreading upon contact with the water surface. Spreading rates were initially very fast, but then rapidly decreased to a constant rate. Spreading rates were logarithmically transformed and a 2-way analysis of variance was applied to each set of data compared. There was no significant difference found in the spreading rates of 0.25 and 10 m1 of bile added to the side of the tank (Fig. 1) . The average initial spreading rate was 19.7 + 1.1 cm S-' (2 SD), which decreased exponentially to a constant rate of 8.4 + There was no significant difference in the change of spreading rates with time on the 2 mornings. Spreading rates of bile decreased significantly over the distance measured, with an initial spreading rate of 16.0 k 2.4 cm S-' over the first 1 m, decreasing to a rate of 5.3 k 1 . l cm S-' after travelling 5 m (Fig. 2) . Error bars are 95 % confidence intervals
Surface drift
Estimations of surface drift were used to calculate the time required for the return subsurface current to deve!ep. This was dnne in n r r l~r to avoid measurements being taken during the flow of a subsurface current, to more accurately simulate open ocean conditions where such currents would be minimal in comparison with the strong return currents that are set up in closed systems such as tanks, ponds and lakes (Roman0 & Marquet 1991). The results of the initial trials indicated wind speeds of 2, 3, and 5 m S-' resulted in surface drifts of approximately 8, 11, and 15 cm S-', respectively. Therefore, measurements had to be taken within approximately 25, 19, and 13 S for wind speeds of 2, 3, and 5 m S-', respectively. All further measurements of surface drift where taken within these times. Wind Speed (m S-') Bacteria already present in underlying waters (Red (Fig. 3) . Regression analysis found that drift speed (DS CFU) were not pushed back by the leading edge of the in cm S-') could be expressed as a function of wind introduced slick, but were incorporated evenly along speed (WS in m S-') by the following relationship the slick (Fig. 5) . There was no buildup of extant bac- (Fig. 31, teria in front of the slick's leading edge as might be expected if displacement were occurring. The incorpo-DS = 3.9 + 2.3 WS for 2 5 WS 5 5 m S-' (r2 = 0.99) (1) ration process was most pronounced across the first Trials run with the addition of bile to the side of the 17 mm of the slick and dropped by a factor of 2 to 3 tank resulted in no significant difference in the initial thereafter. The uneven incorporation of extant bacteria spreading rates at each wind speed. At all wind speeds, within the slick suggests scale-dependent dynamics. the rate of slick transport tended towards the constant However, for extant bacteria the main point is that rate of wind-induced surface drift. Slick transport rates incorporation, rather than displacement, is observed. reached the rates of surface drift within approximately 2.5, 1, and 0.5 S for wind speeds of 2, 3, and 5 m S-', respectively. 10
Bacterial distributions
T i T Bacteria introduced in slick material did not spread evenly with advancing slicks. Sampling over a centimetre scale, using the pipette, showed localised concentrations of Vibrjo natriegens at the point source (Fig. 4) . Sampling in the vicinity of the leading edge, using copier paper disks, showed localised concentrations of V, natriegens up to 10 times greater at the leading edge compared to just 5 mm behind the leading edge (Fig. 5) . Control plate counts indicated that the inocula for the experiments in 
DISCUSSION
Movement of water masses is generally controlled by wind-driven, subsurface currents. These currents are set up over long periods of time from prevailing wind patterns and extend deep into the water column. They transport large masses of water great distances relatively slowly (typically 1 to 2 cm S-') (Bye 1988, Bearman 1993). However, wind-induced surface drift differs from this type of bulk water transport, as it is driven by small scale fluctuations in wind speed and direction and responds rapidly to any changes (Roman0 & Marquet 1991).
The results presented here suggest that windinduced surface drift may be capable of transporting SSMs at faster rates than would occur through general circulation. Wind speeds of 2, 3, and 5 m S-' are capable of generating surface drifts of 8, 11, and 15 cm S-' respectively. At the wind speeds tnaled here, there is a distinct correlation between wind speed and surface drift (Eq. l ) , however, due to the dynamics of the system, Eq. (1) can only be said to hold true for the range cji wii~ii speeds iesieci, 2 iu 5 111 h-'. Tilese rdies are reiatively fast compared to bulk water transport rates of 1 to 2 cm S-' (Bearman 1993). As a n example, we have previously proposed (Hale & Mitchell 1995 ) that distnbutions of coralline lethal orange disease (CLOD), observed by Little & Littler (1995) , resulted from winddriven surface transport of the SSM over a distance of more than 6000 km. This mechanism would have transported CLOD parallel to the prevailing wind direction and across or against current patterns, explaining the rapid dispersal of CLOD observed in the South Pacific.
Laboratory studies using different tank dimensions and float types have produced a consistent relationship between wind speed and surface drift (Table 1) . In this study, on average, the drift speed was 3.6 a 0.6% of the wind speed (Fig 3) , which is in excellent agreement with 3.5 + 0.7% of the wind speed, found in previous studies (e.g Lange & Hiihnerfuss 1978). The tank used in this study was the smallest of those listed in Table 1 . The consistency of the results presented here suggests our talcum powder method in a small tank represents a useful method of examining the dynamics of horizontal surface transport, without the need for a complex wind tunnel. The advantage of our method is that it is relatively small, portable, does not require floats and is easy to clean and manipulate.
Rates of spreading in the laboratory were initially fast and then decreased to a constant rate. Initial spreading rates were 19.7 k 1.1 (kSD) and 8.5 5 0.4 cm S-' for bile and sewage spreading, respectively. The initially fast spreading rates decreased to constant rates of 8.4 k 1.2 and 2.6 k 0.6 cm S-', respectively (Fig. 1) . Vegetable and motor oils did not spread because they are hydrophobic and lack the strongly hydrophilic part that is characteristic of surfactants (Myers 1992) .
The addition of talcum powder to the surface had a negligible effect on spreading rates. O'Brien et al. (1975) report that the use of talcum powder underestimated spreading rates of oleic acid by less than 10%, compared to rates measured using thermistors. Measurement error in their study accounted for much of this difference.
While laboratory experiments were useful in examining the dynamics of the spreading process in the initial few seconds, measurements made in the field were important to examine surfactant spreading on a larger scale, with no edge effects. Bile spread over the first 1 m at 16 cm S-'. The absence of any edge effects explains why this faster rate is retained longer at sea than in tanks. Experiments conducted in the field indicate that a bile slick will continue spreading until all available material has spread into a monomolecular layer. The distance over which a slick may spread depends on ihe voiume of suriaciani avaiiabie and tne inicitness of the slick. Field experiments found that following an initially fast rate of spreading, the rate decreased exponentially towards a constant rate of 5.3 cm s-'. This converts to a rate of 4.6 km d-l, which may be further enhanced by any wind-induced surface drift.
The bile slick spread in the field remained coherent on the surface of the water on both days, despite the presence of waves on the second day. The presence of waves had no significant effect on slick spreading rates, nor on the direction of slick transport during active spreading. Therefore, slicks are capable of spreading independent of water currents and waves. These results are supported by Langmuir (1938) and Weller et al. (1985) who observed that natural slicks will change their orientation in response to changes in wind direction, while the direction of waves remains unchanged.
The persistence of visible slicks on the surface depends on the amount of mixing with underlying waters. The nature of the mixing processes at the surface differs depending on whether wind speed is above or below a critical level (Webster & Hutchinson 1994) . This is because below a critical wind speed, the wind-generated turbulence is incapable of mixing below the surface. Above the critical wind speed, interactions between wind-generated turbulence, mean currents and waves cause active turbulent mixing to subsurface waters (Hutchinson & Webster 1994) . Data not presented here show that slicks remain coherent on the surface at wind speeds of 2 to 3 m S-', however, at 5 m S-', above the critical wind speed, slicks began to break up and became patchy. Webster & Hutchinson (1994) report that buoyant phytoplankton in surface waters were found to concentrate toward the downwind end of a lake for wind speeds less than 3 m S-', but that turbulent mixing caused by winds at greater speeds results in the continual ejection of floating cells or colonies downward. Le Fevre & Bourget (1991) suggest that the surface microlayer may provide a neustonic niche for cirripede larvae to allow dispersal over large distances, in a relatively short time. Therefore, whether or not the wind speed is above or below the critical wind speed will have a profound effect on the horizontal distribution of slick material and any associated organisms, as well as on their vertical distribution. Furthermore, with persistent winds, streaks across the surface caused by Langmuir circulation may lead to a heterogenous spatial distribution of organisms, with high concentrations of organisms within the streaks and low concentrations between them.
The rates of surface drift measured for wind speeds of 2, 3, and 5 m S-' are equivalent to transport rates of 7, 9.5, and 13 km d-'. These transport rates are for wind-induced surface drift without surfactant spreading. SSM transport rates may be further enhanced by active surfactant spreading, where the spreading rate is faster than the surface dnft and wind speed is below the critical level, above which mixing occurs.
Results of this study indicate that bacteria introduced to the microlayer in surfactant material are capable of being transported in spreading slicks. A gross sampling method (centimetre scale) showed the major proportion of bacteria lagging some distance behind the leading edge, close to the point source (Fig. 4) . However, a higher resolution sampling method using sterile copier paper disks found localised concentrations of bacteria at the leading edge of slicks (Fig. 5 ) . As the majority of bacteria were observed lagging behind the leading edge, this seems surprising. The Reynolds ridge reported by Harper (1992) may provide a mechanism by which bacteria may be concentrated at the leading edge of a spreading slick. The ridge is seen as a slight rise in the surface level at the leading edge of a slick actively spreading along surface tension gradients. This phenomenon occurs at the transition from an apparently free surface to a n almost stationary surface, caused by a gradient of surface tension. Such a mechanism may explain the small scale concentration of bacteria close to the leading edge. If the 'Reynolds ridge' is capable of holding bacteria at the leading edge, then long distance transport of bacteria from a point source, with little dilution at the leading edge, may be feasible. In areas of high productivity, such as the SSM (Kjelleberg et al. 1979 , Plusquellec et al. 1991 , only a small number of introduced bacteria would be required to inoculate a natural con~munity.
Bacteria already present at the surface in inoculated bulk water were not pushed back by the advancing slick, but were incorporated and spread evenly across the slick. Therefore, introduced bacteria may alter the species composition of marine bacterioneuston communities by becoming incorporated into them, rather than replacing extant bacterioneuston communities.
Horizontal surface transport processes may have a large influence on the fate of bacteria introduced to surface waters from terrestrial sources. Distributions of bacteria, both horizontally and vertically, may be dependent on rates of surfactant material spreading, wind-induced surface drift and mixing, rather than solely on bulk water circulation patterns. The combination of wind-driven surface transport and active spreading of slick material along surface tension gradients provides a unique mechanism by which bacterioneuston (and the chemical and biological components associated with them) are transported over large distances, independent of the speed and direction of bulk water transport. Such a transport mechanism should b e considered in the study of neuston community dynamics and when attempting to predict the fate of microorganisn~s released from terrestrial sources.
